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a b s t r a c t 
Effect of carbon based mixed-material deposition layer formation on hydrogen isotope retention was 
studied. The tungsten (W) samples were placed at four different positions, namely PI (sputtering erosion 
dominated area), DP (deposition dominated area), HL (higher heat load area), and ER (erosion dominated 
area) during 2013 plasma experimental campaign in Large Helical Device (LHD) at National Institute for 
Fusion Science (NIFS), Japan and were exposed to ∼ 40 0 0 shots of hydrogen plasma in a 2013 plasma 
experimental campaign. Most of the sample surface except for ER was covered by a mixed-material de- 
position layer formed by plasma experimental campaign, which consisted of carbon, but some metal im- 
purities were contained. For ER sample, He bubbles were formed due to long term He discharge cleaning 
and He plasma experiments during the plasma experimental campaign. The additional 1 keV D 2 
+ implan- 
tation was performed to evaluated the D retention enhancement by plasma exposure. It was found that 
both of H and D retentions were clearly increased. In particular, the H retention was controlled by the 
thickness of the carbon-dominated mixed-material deposition layer, indicating most of the H was trapped 
by this mixed-material deposition layer. It is concluded that the accumulation of low-Z mixed-material 
layer on the surface of the ﬁrst wall is one of key issues for the determination of hydrogen isotope re- 
tention in ﬁrst wall. 
© 2016 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
1
 
f  
v  
i  
t  
u  
d  
s  
f  
t  
s  
o  
o  
i  
c  
h  
h  
w  
S  
s  
m
 
h
2. Introduction 
Tungsten (W) is a candidate for plasma facing materials (PFMs)
or future fusion reactors [1–2] . During the plasma discharge,
arious energetic particles will be implanted into W, leading to the
ntroduction of irradiation damages. Recently, the damage concen-
ration inﬂuence on hydrogen isotope retention in W was studied
sing heavy ion irradiation, and comparison of D retention for ion-
amaged W and neutron irradiated W was performed. It can be
aid that damage distribution and density will be key parameters
or hydrogen isotope trapping states [3–7] . On the other hand, it is
hought that surface modiﬁcation is caused by the change in the∗ Corresponding author. 
E-mail address: oya.yasuhisa@shizuoka.ac.jp (Y. Oya). 
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352-1791/© 2016 The Authors. Published by Elsevier Ltd. This is an open access article u
Please cite this article as: Y. Oya et al., Effect of impurity deposition la
Materials and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.07.00urface chemical state by the reaction of tungsten with carbon,
ne of the major impurities. It is well known that the formation
f W–C mixed layer will enhance the hydrogen isotope retention
n PFMs during D–T fusion operation. It is also reported that the
arbon retained in tungsten plays a role of diffusion barrier for
ydrogen isotopes toward the bulk, resulting in the decrease of
ydrogen isotope retention in W [8] . However, hydrogen isotopes
ill be accumulated in the carbon layer deposited on W surface.
everal impurities such as carbon, oxygen were identiﬁed in the
pherical tokamak (QUEST) although it was constructed with full
etallic ﬁrst walls [9] . 
Therefore, combination of damage introduction and impu-
ity deposition would control the fuel retention in future fusion
eactors, and knowledge related to fuel retention in the actual
usion reactor should be accumulated. In our previous studies innder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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Fig. 1. Sample positions placed in LHD and history for introduction of closed diver- 
tor structure. 
Fig. 2. SEM images of surface morphologies for W samples exposed to 2013 plasma 
experimental campaign. 
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f  Large Helical Device (LHD) at National Institute for Fusion Science
(NIFS), the results of deuterium retention enhancement in the
W samples exposed to the 2011 and 2012 plasma experimental
campaign in LHD, respectively, were reported [10–12] . It was found
that the accumulation of carbon based mixed-material deposition
layer depended on the position on the plasma facing wall. In the
deposition dominated area, more than 1 μm thick mixed-material
layer was formed. However, there are erosion dominant area, at
which no deposition layer was found. The addition D 2 
+ implanta-
tion revealed that the shape of Thermal desorption spectroscopy
(TDS) spectrum was clearly controlled by surface nature. Recently,
closed divertor structure, which consists of graphite parts, was
installed to enhance the plasma performance in LHD [13] . So,
the concentration of carbon to stainless steel was increased year
by year. In this study, the H retention in W placed in various
positions during 2013 plasma experimental campaign in LHD was
evaluated. The additional D 2 
+ implantation was also performed
to evaluate the D trapping ability for plasma exposed W. These
results were compared to the previous results exposed in 2012
experiment campaign and discuss the hydrogen isotope retention
behavior with considering the experimental history. 
2. Experimental setup 
The mirror ﬁnished disk-type tungsten samples ( φ 10 mm × t
0.5 mm for TDS and φ 3 mm × t ∼ 0.1 mm for Transmission Elec-
tron Microscopy (TEM)) was prepared by cutting polycrystalline
tungsten rods manufactured by Allied Material Corp., Japan. All the
samples were evacuated at 1173 K for 30 min in vacuum to remove
residual hydrogen and damages introduced during fabrication
processes. These samples were placed at four unique positions on
the plasma facing wall in LHD, namely the higher plasma wall
interaction area called the higher plasma wall interaction area (PI),
the deposition area (DP), the higher heat load area (HL), and the
erosion dominated area (ER). The detail positions are summarized
in Fig. 1. 
These samples were exposed to ∼4600 hydrogen discharges
during the 2013 experimental campaign, although there were
∼50 0 0 hydrogen discharges for the 2012 campaign. As shown in
Fig. 1 , the closed divertor structure, which consists of graphite
parts, was installed in 9 sections to enhance the plasma per-
formance [13] . The graphite surface area was increased about
1.4 times as large as that for the 2012 experimental campaign.
During the plasma experimental campaign, long pulse He plasma
discharges were performed and achieved steady-state plasma for
maximum of 48 min in the 2013 campaign [14] . The sample tem-
perature during the experimental campaign was less than 373 K.
After the campaign, the samples were picked up and transported
to Shizuoka University with air exposure. The 1.0 keV deuterium
ions (D 2 
+ ) were additionally implanted into these samples (( φ
10 mm × t 0.5 mm) with the ﬂux of 1.0 × 10 18 D + m −2 s −1 up to
the ﬂuence of 5.0 × 10 21 D + m −2 to evaluate the enhancement
of D retention capacity. The hydrogen isotope retention was esti-
mated by TDS using two quadrupole mass spectrometers including
high resolution mass spectrometer to distinguish D 2 and He. The
microstructure was observed by TEM using sample with size of
φ 3 mm × t ∼ 0.1 mm at Institute of Applied Mechanics, Kyushu
University. The depth proﬁles of constituent atoms were evaluated
by X-ray Photoelectron Spectroscopy (XPS) with combination usage
of Ar + sputtering technique. 
3. Results and discussion 
Fig. 2 show the surface morphologies for the samples placed
at DP, PI, ER and HL positions observed by Scanning Electron
Microscope (SEM). As mentioned in our last paper [12] , most ofPlease cite this article as: Y. Oya et al., Effect of impurity deposition la
Materials and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.07.00he surface except for ER was deposition-dominated. However,
ven in erosion dominated regions, thin mixed-material layer can
e found. The large imbricate deposits can be observed at the
urface of the DP samples, leading to the formation of thicker
eposition layer. For PI and HL samples, the surface was quite
mooth, but some precipitates were adsorbed. The erosion trace
ike no deposition and sputtered trace, was found for ER samples
nd the morphology was quite different from the others. More de-
ailed morphologies were observed by TEM as shown in Fig. 3 . The
ormation of thicker mixed-material layer for DP sample prevents
he ability to ﬁnd the suitable position for TEM observation, but
he clear amorphous carbon mixed material layers were formed
or both of DP and PI samples. The small black dot reﬂectingyer formation on D retention in LHD plasma exposed W, Nuclear 
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Fig. 3. TEM images of the mixed-material layer for DP, PI and ER samples exposed to 2013 experimental campaign. 
Fig. 4. C 1s and W 4f XPS spectra for the top surface of all the samples exposed to 2013 experimental campaign. 
Table 1 
Summary of atomic concentration for the top sur- 
face of all the samples exposed to 2013 experimen- 
tal campaign. 
C O Cr Fe Ni W 
DP 94 .0 4 .7 0 .0 0 .2 0 .0 0 .0 
PI 90 .8 7 .9 0 .3 0 .9 0 .2 0 .0 
ER 31 .7 39 .0 0 .0 0 .1 0 .1 23 .4 
HL 91 .9 7 .5 0 .1 0 .3 0 .1 0 .0 
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d 2  he existence of metal particles for TEM were widely distributed,
hich was almost the same as the previous experimental cam-
aign [12] . In addition, the formation of He bubble was found
or ER sample. In the 2013 experimental campaign, maximum of
8 min of long pulse He plasma discharge was performed, and
ther short and long pulse He discharges were conducted, which
ould induce He bubble formation. 
The C 1s and W 4f XPS spectra for the top surface of all the
amples exposed to the 2013 experimental campaign are shown in
ig. 4 . The chemical state of carbon for all the samples except for
R sample was C–C or C–H bonds and no remarkable formation
f metal carbide was found due to lower operation temperature
uring experimental campaign ( < ∼373 K). According to W 4f XPS
pectra, no existence of W was found except for ER sample. The
hemical state of W for ER sample consisted of 2 states, namely
etal W and W–O bond. Table 1 summarizes the atomic composi-
ion for the top surface of the samples after the 2013 experimen-
al campaign. XPS analysis has no sensitivities for H and He, which
ere excluded in Table 1 . The typical elements on the surface after
he experimental campaign were carbon and oxygen, which werePlease cite this article as: Y. Oya et al., Effect of impurity deposition la
Materials and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.07.00he same as the previous experimental campaigns. But the car-
on concentration was clearly increased compared to the previous
ampaigns of 81.8% (2012) and 79.3% (2011) at PI, 87.3% (2012) and
2.8% (2011) at HL [12] . This result can be explained that the diver-
or structure was changed from open divertor to closed divertor in
he 9 sections, and the graphite surface area was increased about
.4 times as large as that for the previous campaigns. Although the
onﬁguration near DP sample was still the open divertor, the car-
on concentration also increased from 91.8% (2012) to 94%. This
uggests that the carbon impurity would be transported from the
ther divertor areas. In addition, small amount of Fe, Cr, Ni which
ere the constituent atoms of stainless steel used for LHD ﬁrst
all. These metals were contained in the carbon based mixed-
aterial layer, which was consistent with TEM results. For ER
ample, the carbon concentration is remarkably reduced and, con-
entrations of oxygen and tungsten was increased, indicating that
ungsten oxide would be formed on the surface by energetic par-
icle exposure (erosion dominated area). Fig. 5 shows the typical
epth proﬁle of atomic concentration for the DP sample evaluated
y XPS with Ar + sputtering technique. The thickness of carbon
ased mixed-material deposition layer was 5 μm. At the interface
etween mixed-material deposition layer and tungsten, oxygen
oncentration increased due to the formation of tungsten oxide. 
These samples were picked up from LHD and additional 1.0 keV
 2 
+ implantation with the ﬂuence of 5.0 × 10 21 D + m −2 was
erformed at Shizuoka University. Thereafter, H and D retentions
ere evaluated by TDS. Fig. 6 depicts H 2 and D 2 TDS spectra for
 2 
+ implanted tungsten samples exposed to plasma discharges
uring the 2013 experimental campaign. For ER sample, the shape
f TDS spectrum was quite different from the others. No large H 2 
esorption was found and major D desorption temperature wasyer formation on D retention in LHD plasma exposed W, Nuclear 
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Fig. 5. Depth proﬁle of atomic concentration for DP sample. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. H 2 TDS spectra normalized by thickness mixed material layer. 
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q  shifted toward lower temperature of 400 K and most of the D 2 was
desorbed at the temperature less than 600 K, which was almost
the same temperature region as the TDS spectrum for un-damaged
W as shown in Fig. 6 [3] . Large H and D desorption was found
for the DP sample, showing the large H retention and D trapping
rate by additional D 2 
+ irradiation. The major H 2 desorption tem-
perature for the PI sample was located at lower temperature of
less than 900 K, although that of D 2 was shifted toward higher
temperature side at around 10 0 0 K, indicating that some of H was
replaced by D by D 2 
+ implantation. As mentioned above from TEM
observation, most of the sample surface except for ER sample was
covered by carbon based mixed-material layer and the TDS spectra
for these samples were quite different from that for W. Therefore,
most hydrogen isotopes would be trapped by this mixed-material
deposition layer and H 2 TDS spectra were normalized by their
thicknesses as shown in Fig. 7 . It was found that most of the
H 2 desorption was almost the same, indicating that the major H
was trapped by the carbon based mixed-material layer and the H
retention would be controlled by the thickness of carbon based
mixed-material layer. Table 2 summarizes the thicknesses of car-
bon based mixed-material deposition layer and, H & D retentions
(desorbed as hydrogen gas form only) for all the samples. Note that
H & D retentions for 2012 campaign mentioned in Ref. [12] were
considered to include water desorption. But, in this paper, we have
just focused on hydrogen gas desorption only, because desorption
of water and hydrocarbon was found to be quite complex and it
is diﬃcult to distinguish them. The D trapping eﬃciency for the
DP sample was much higher, indicating that the quick hydrogen
isotope replacement may have occurred during D 2 
+ implantation
due to higher H retention. Most of H retentions for the samples
exposed to 2013 experimental campaign were about two times
as high as that exposed to the previous experimental campaign.
In addition, the desorption of mass number of m/q = 14 ∼20 was
also observed, but it was diﬃcult to distinguish water and hydro-Fig. 6. H 2 and D 2 TDS spectra for deuterium ion implante
Please cite this article as: Y. Oya et al., Effect of impurity deposition la
Materials and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.07.00arbons due to poor resolution of mass spectrometer. Therefore,
ontribution of water / hydrocarbons was not considered in this
tudy. As can be found in Table 2 , no large difference in the thick-
ess of the mixed-material deposition layer was found between
012 and 2013 experimental campaigns, although the number of
hots to which they were exposed were ∼50 0 0 shots and ∼40 0 0
hots, respectively [12] . Therefore, it can be said that the deposi-
ion rate per shot was increased for 2013 experimental campaign.
he H and D retentions were 2–3 times as large as that for 2012
xperimental campaign. In LHD, high-temperature and steady-state
peration experiments were conducted and remarkable progresses
ere reported [14–16] . These facts anticipate that the ﬂux of
ydrogen during the deposition of carbon based mixed-material
ayer can be enhanced and hydrogen isotope retention would
e slightly increased, compared to that for 2012 experimental
ampaign, but H retention for DP sample would have reached
lmost saturation concentration and no large enhancement was
ound. However, more detail analysis will be required. 
The behavior of He was also studied as shown in Fig. 8 , and
otal He retention was summarized in Table 3 for the samples
xposed in 2013. The He desorption was quite complex and several
esorption peaks were found. For ER sample, the desorption was
bserved from lower temperature of 400 K and large desorption
eak was located at 800 K. For the other samples, the desorption
as initiated at ∼600 K and several desorption peaks were found
t the temperature between 70 0–10 0 0 K. Tokitani et al. [17] has
eported He TDS spectra for SS-316 samples exposed to long-pulse
e discharge in the 2013 experimental campaign [16] . The TDS
pectra were quite consistent with our results, but our data was
imited within the temperature up to 1173 K, but, according to Ref.
16] , He desorption was extended more than 1300 K. As observed
n TEM, the carbon based mixed-material deposition layer was
uite porous and amorphous and most of He, especially for 48 mind tungsten exposed to 2013 experimental campaign. 
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Table 2 
Summary of H and D retentions for all the samples exposed to 2013 experimental campaign and thickness of mixed-material deposition layer. 
Sample 2013 Campaign 2012 Campaign 
Thickness (μm) H retention (H/m −2 ) D retention (D/m −2 ) Thickness (μm) H retention (H/m −2 ) D retention (D/m −2 ) 
HD & H 2 HD & D 2 HD & H 2 HD & D 2 
DP ∼5 .0 9.8 ×10 21 7.3 ×10 20 6 .0 6.3 ×10 21 1.8 ×10 20 
PI 0 .4 1.7 ×10 21 4.5 ×10 20 0 .5 7.9 ×10 20 3.1 ×10 20 
ER ∼0 5.2 ×10 20 2.1 ×10 20 ∼0 2.0 ×10 20 6.4 ×10 19 
HL 0 .3 1.2 ×10 21 3.5 ×10 20 0 .2 4.8 ×10 20 7.5 ×10 19 
Fig. 8. He TDS spectra for deuterium ion implanted tungsten exposed to 2013 ex- 
perimental campaign. 
Table 3 
Total He retention (He m −2 ) in the samples. 
DP PI ER HL 
1.1 ×10 20 2.0 ×10 20 1.6 ×10 20 1.2 ×10 20 
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 teady-state He discharge, would be quickly desorbed during the
peration and He retention should be more than one order lower
han hydrogen isotope retention. 
These results indicate that hydrogen isotope retention was con-
rolled by thickness of the carbon based mixed material layer,
hich consisted of carbon and the ﬁrst wall materials of Fe, Cr and
o on. Large amount of hydrogen isotope was retained in it except
or erosion-dominated area (ER sample). For the steady-state op-
ration, the control of wall pumping effect by this mixed material
ayer would be quite important. In addition, He steady-state opera-
ion introduces He bubbles and damages in this layer, but most of
e was not retained in wall materials and He retention was almost
/10 compared with hydrogen isotope retention even if the num-
ers of hydrogen shots and He shots are ∼4600 shots and ∼2500
hots, respectively. But, some of He would be trapped stably in
oth of bulk of metal and carbon based mixed material layer. 
. Conclusions 
Effect of carbon based mixed-material deposition layer forma-
ion on hydrogen isotope retention was studied. The W samples
ere exposed to ∼40 0 0 shots of H plasma in the 2013 plasma
xperimental campaign Most of the sample surfaces except for ER
ere covered by a carbon based mixed-material deposition layer,
hich mainly consisted of carbon, but some of metal impurities
ike Fe, Cr and so on, were contained. The thick carbon based
ixed-material deposition layer with ∼5 μm was found for the
P sample. For the ER sample, He bubble was formed due to long
erm He discharge during plasma experimental campaign. The
dditional 1 keV D 2 
+ implantation was performed to evaluated thePlease cite this article as: Y. Oya et al., Effect of impurity deposition la
Materials and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.07.00 retention enhancement by plasma exposure. It was found that H
etention was controlled by the thickness of the carbon-dominated
ixed-material deposition layer, indicating most of the H was
niformly trapped by this mixed-material deposition layer. It is
oncluded that the accumulation of low-Z mixed-material layer on
he surface of ﬁrst wall is one of key issues for the determination
f hydrogen isotope retention in ﬁrst wall and control of wall
umping effect. 
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